Hereditary nonpolyposis colorectal cancer (HNPCC) is caused by a deficiency in DNA mismatch repair in consequence of germline mutations mainly in the genes MSH2 and MLH1. Around 10% of patients suspected of HNPCC are identified with large genomic deletions that cannot be detected by conventional methods of mutation screening. The recently developed multiplex ligation-dependent probe amplification (MLPA) proved to be an easy to perform method for deletion detection and is reliable when more than one exon is deleted. We show that, in some cases, apparent deletions of single exons may actually result from single base substitutions or small insertions/deletions in the hybridisation sequence of MLPA probes. We conclude that single exon deletions, detected by MLPA or multiplex PCR, should be validated with additional methods.
Introduction
Hereditary nonpolyposis colorectal cancer (HNPCC) is an autosomal-dominant disease characterised by a predisposition to early onset colorectal cancer and other tumours. 1, 2 It is caused by germline mutations in DNA mismatch repair (MMR) genes, mainly MSH2 and MLH1. Most of the published mutations are single base substitutions, small deletions or insertions leading to altered MMR proteins (InSIGHT mutation data base; http://www.insight-group. org). A high proportion of large genomic deletions in the MSH2 gene detected by use of Southern blot technique was first reported in Dutch HNPCC patients. 3 The development of novel, PCR-based techniques for deletion screening including semiquantitative multiplex PCR and multiplex ligation-dependent probe amplification (MLPA) has considerably simplified screening for large genomic deletions in DNA mismatch repair genes. 4 -6 Consequently, various patient cohorts have been screened for large genomic deletions in MSH2 and MLH1 genes. Depending on the patient selection criteria, deletions have been reported in up to 13% of patients suspected of HNPCC. 7 -10 Considering the high frequency of deletions and the fact that MLPA is rapid and easy to perform, 9 deletion screening was proposed as a first step of mutation analysis in HNPCCsuspects prior to the more labour-intensive exon-by-exon screening for point mutations. However, as demonstrated by the following examples, in some cases, the results of deletion screening have to be interpreted with caution and should be verified with additional methods.
Materials and methods

Patients
The patients included in the study were recruited at the University Hospital, Bonn in accordance with the study protocol of the German HNPCC Consortium. 11 Informed written consent was obtained from all patients included in the study. The study was approved by the ethical committee of the University Hospital Bonn. 
Transcript analysis
Fresh venous blood samples (2.5 ml) were collected into PAXgene Blood RNA Tubes (PreAnalytiX, Qiagen, Hilden, Germany) containing RNA stabilising solution. Total RNA was extracted by use of the PAXgene Blood RNA Kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol. First strand cDNA was synthesised from 2 to 3 mg of total RNA by random hexamer-primed reverse transcription with the Superscript 1st strand system for RT-PCR (Invitrogen GmbH, Karlsruhe, Germany) according to the manufacturer's protocol. RT-PCR fragments were obtained according to standard PCR protocols by use of different primers to generate the appropriate fragments (primer sequences see Table 1 ). RT-PCR products were separated on a 1% agarose gel and visualised with ethidium bromide. Gels containing different RT-PCR fragments were examined on an UV imaging system. Individual bands were excised from the gel and eluted by use of the High Pure PCR Product Purification Kit (Roche Diagnostics, Mannheim, Germany). Eluted DNA was reamplified with the same pairs of primers and sequenced on an ABI Prism 377 or ABI 3100 automated sequencer (Applied Biosystems) using cycle sequencing procedure and the BigDye terminator kit version 2.0 or 1.1, respectively.
Confirmation of genomic deletions
Long-range PCR on genomic DNA was used to confirm the deletions uncovered by multiplex PCR and/or MLPA. With the Expand High Fidelity PCR System (Roche Diagnostics, Mannheim, Germany), primers located in the introns 5 0 and 3 0 to the nondeleted exons flanking the deleted exons were applied. PCR was performed according to the manufacturer's recommendations with some modifications as described by Wang et al. 5 PCR products were separated on a 1% agarose gel and visualised by ethidium bromide staining.
To determine the breakpoints of deletions, long-range PCR products containing the expected deletions were cut out from the gel, purified by QIAquick PCR purification kit (Qiagen, Hilden, Germany) and sequenced by cycle sequencing.
Results
Screening for large genomic deletions by use of MLPA pointed to a deletion of MLH1 exon 13 in patients 826 and 981 (Figure 1a) . Confirmation of the deletion in genomic DNA by long-range PCR is difficult, since the introns 12 and 13 of the MLH1 gene are quite large (2776 and 11 253 bp, respectively). Therefore, we examined mRNA of the patients to confirm the deletion. cDNA was amplified with a forward primer in exon 12 and a reverse primer in exon 15 and PCR products were separated on an agarose gel. An additional fragment of 385 bp pointing to a deletion of exon 13 was detected only in patient 826 (Figure 1b) . Sequencing of the PCR product confirmed the deletion of exon 13 in MLH1 in patient 826 (Figure 1c) . The deletion of exon 13 detected by MLPA in patient 981 was not confirmed by cDNA analysis (Figure 1b and c) . However, sequencing of genomic DNA or cDNA of patient 981 revealed a single base substitution (c.1459C4T; p.Arg487X) localised within the hybridisation sequence of the MLPA probe for exon 13, 9 bp upstream of the ligation site (data not shown).
A similar situation was found in patient 1041. In this case, the MLPA test indicated a deletion of MLH1 exon 2. Sequencing of exon 2 revealed a nonsense mutation (c.184C4T; p.Gln62X) localised 1 bp before the ligation site of the MLPA probes for exon 2 (data not shown).
In patient 518, a deletion of exon 8 of the MSH2 gene was detected by use of multiplex PCR as described (Figure 2a) .
First experiments failed to confirm this deletion in genomic DNA by long-range PCR. 8 Later, the deletion was also detected by MLPA and confirmed by cDNA analysis (Figure 2b ). The breakpoints of this deletion could be determined by further examinations of genomic DNA with primers localised in introns 7 and 8 of the MSH2 gene (Table 1 ). This deletion comprises 22 170 bp of the MSH2 gene (nt.33 446 -nt.55 616; GenBank AC009600) with both breakpoints localised within repetitive Alu sequences in intron 7 and 8, respectively. While single exon deletions localised inside the genes, that is, with known borders, can usually be confirmed by RT-PCR analysis, it is more difficult to apply this approach when a deletion is localised in the first or last exon of the 
Screening for deletions in
gene. By use of MLPA we detected a deletion of MSH2, exon 1 in two patients. Sequencing of this exon in genomic DNA revealed no changes in both patients; this indirectly supports the conclusion that the deletions are real. No long-range PCR product was obtained with different forward primers localised in the 5 0 untranslated region of the gene. In one of the families (No. 368), the deletion of MSH2 exon 1 was detected in the index patient and in her son. Both patients also carried a rare missense mutation in MSH2, exon 5 (c.847G4T; p.Asp283Tyr). It was shown by mRNA analysis that only one allele containing the normal sequence in exon 5 was present in the transcript. This approach indicates that both variations are localised on the same allele. The result indirectly confirms the deletion of exon 1 by demonstrating that the allele with the deletion of exon 1 is not transcribed.
Discussion
Results of the MLPA test (or other methods applied for deletion analysis) are usually correctly interpreted when two ore more adjacent exons are deleted. However, our data show that when only one exon appears to be deleted the result has to be interpreted with caution and should be verified by an additional method.
By use of MLPA we identified a deletion of one exon in the MLH1 gene in three patients. Only one of these deletions could be confirmed on the cDNA level. In fact, the other two were due to point mutations localised in the hybridisation sites of the corresponding MLPA probes.
To avoid misinterpretations of the results by MLPA screening, a solution would be to include two different sets of probes for each exon. Sequences with known polymorphisms should be excluded as hybridisation sites. The correct interpretation of the results of deletion analysis is of great importance in hereditary tumour diseases such as HNPCC where a mutation detected in the index patient is used for predictive diagnostics. An apparent deletion of a single exon detected by MLPA screening might in truth be: (a) A true deletion, such as in patient 518. In this case predictive testing would be correct with any method able to detect the deletion. (b) No deletion at all, but a harmless polymorphism situated in the hybridisation site. If one would falsely interpret this 'deletion' as the causative mutation in the index patient, any predictive testing based on this in the family using whatever method for deletion detection would lead to inconclusive results. (c) No deletion at all but a different pathogenic mutation, for example, in patients 981 and 1041. In this case, problems might arise when diagnostic procedures applied on the index patient differ from those applied on persons at risk. Predictive diagnostics based on a 'deletion' might lead to a false test result when methods different from MLPA are applied for deletion testing. In this respect, it is advisable to apply the same test on both the index patient and the person at risk in a given family. When predictive testing is performed by another laboratory and in the absence of the index patient's DNA, it is necessary to report in detail the method by which a mutation or deletion had been detected.
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